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Abstract
Viral  RNA-dependent  RNA  polymerases  (RdRps)  are  enzymes 
essential for viral multiplication. The general function of RdRp is universal 
for  all  RNA viruses:  to  recognise  viral  RNA,  bind  it  and  synthesize  the 
complementary RNA strand.  This series of  steps is absolutely  crucial  for 
viral infection.
It  is  important  to  mention  that  the  non-infected  cell  is  incapable  of 
replicating  any  RNA.  The host  cell  thus  does  not  naturally  express  any 
RdRps. I chose RdRps for my research because these enzymes are key to 
viral replication and thus an excellent target for antivirals.
This  study  characterises  polymerases  from  Picornaviridae and 
Flaviviridae families, in depth. Picornaviral replication takes place in viral-
induced membrane structures called Replication Organelles (ROs), where 
the polymerase is localised to the membrane. In this study, we investigated 
the recruitment of picornaviral polymerase membrane.  Subsequently, we 
focused on the activation of picornaviral RdRp induced by the insertion of 
the very first residue into the protein core.
Next, we focused on the flaviviral RdRps specifically from yellow fever 
virus (YFV) and Zika virus (ZIKV). This study reports the first structure of a 
full  length YFV polymerase and a model of ZIKV polymerase in complex 
with RNA. The model  of  ZIKV RdRp in complex with  RNA provides the 
information needed for ligand docking.
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Abstrakt (in Czech)
Virové  RNA  dependentní  RNA  polymerázy  (RdRp)  jsou  enzymy 
nezbytné pro množení RNA virů. Obecná funkce RdRp je pro všechny RNA 
viry  stejná:  RdRp  rozpozná  virovou  RNA,  uchopí  ji  a  syntetizuje 
komplementární  řetězec  RNA.  Série  těchto  kroků  je  pro  virovou  infekci 
naprosto nepostradatelná.
Je  důležité  si  uvědomit,  že  neinfikovaná  buňka  RNA  nereplikuje. 
Hostitelská  buňka  přirozeně  neexprimuje  žádné  RdRp.  Pro  můj  výzkum 
jsem si vybrala RdRp, protože jsou nezbytné pro virovou replicakci a tudíž 
excelentní cíl pro virovou terapii.
V  této  studii  jsou do  hloubky  charakterizovány  polymerázy  z  rodiny 
picornavirů  a  flavivirů.  Picornavirová  replikace  je  lokalizovaná  ve  viry 
indukovaných,  membránových  strukturách,  které  nazýváme  replikační 
organely  (RO).  V  těchto  RO  je  virová  polymeráza  lokalizovaná  na 
membráně.  Ukázali  jsme  podmínky,  ve  kterých  se  polymeráza  váže  na 
membránu. Následně byla studována aktivace picornavirových polymeráz, 
která je indukována inzercí první aminokyseliny do středu proteinu.
V této studii jsou rovněž diskutovány RdRp z rodiny flavivirů, konkrétně 
z  viru  žluté  zimnice  (YFV)  a  Zika  viru  (ZIKV).  Studie  prezentuje  první 
strukturu  polymerázy  z  YFV (v  plné  délce)  a  model  ZIKV polymerázy  v 
komplexu  s  RNA.  Model  ZIKV  poskytuje  strukturní  informaci  o  aktivním 
místě potřebnou k “dockingu” ligandů.
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Introduction
Plus single-stranded (+RNA) viruses
The Baltimore classification sorts  viruses into families depending on 
their type of genome and related manner of replication. This classification 
assumes  that  viruses  with  the  same genome have  a  similar  strategy  of 
messenger RNA (mRNA) synthesis.  In the study, Baltimore distinguishes 
seven viral  classes and one of  the discussed classes is class IV, +RNA 
viruses (picture 1).  Positive sense RNA serves as both the genome and 
mRNA for these viruses. 
+RNA viruses have developed various replication  strategies  but  the 
most important replication tactic is the recognition of their genomic RNA by 
the host cell machinery as mRNA. The genome 5’ end can be protected by 
a cap in the case of Flaviviruses. Picornaviruses stabilise their genome by a 
covalently  linked  3B protein,  also  known as  viral  protein  genome linked 
(VPG) and the 5’ untranslated region containing an internal ribosomal entry 
site (IRES).
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Picture 1: Baltimore classification categorize viruses by type of  genome  
and mechanism to generate mRNA1.
+RNA viral replication cycle
The replication cycle is initiated by the binding of the virus to a receptor 
on the host cell plasma membrane. Afterwards, the virus is internalized and 
the viral RNA genome is released into the cytoplasm. The +RNA genome 
contains  one  open  reading  frame  which  is  translated  by  the  host  cell 
ribosomes into a single polyprotein.  This polyprotein contains a complete 
set of  viral  proteins.  Viral  and host  proteases cleave the polyprotein into 
individual proteins and stable precursors.
Proteins related to viral RNA replication are localised in viral induced 
membrane  structures  called  ROs2,  which  are  described  below.  RdRps 
replicate  RNA into  complementary  minus  ssRNA,  forming  dsRNA as  an 
intermediate. The minus ssRNA serves as a template to produce a larger 
amount of +RNA3. The +RNA is encapsidated and new viruses are released 
from the host cell.
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Replication organelles (ROs)
+RNA viral RdRp are low efficiency enzymes in solution. To increase 
the  efficiency,  viruses  replicate  at  a  specific  replication  site,  termed 
replication organelles (ROs)4. Localization of RNA replication on ROs brings 
several advantages:
Viral replication factors and cellular proteins are reduced from three-
dimensional diffusion in the cytosol to two-dimensional space on the surface 
of  the  membrane.  RO  compartments  are  enriched  with  the  required 
metabolites  such  as  nucleotide  triphosphates  (NTPs),  which  increases 
replication efficiency by several orders of magnitude5,65.
ROs enable separation of RNA replication from translation because all 
+RNA  ROs  originate  from  ribosome-free  membranes7.  The 
compartmentalization  avoids  interference  of  replication  and  translation 
machineries.
The intermediate in RNA replication is double-stranded RNA (dsRNA) 
which is consequently  unwound by a viral  helicase.  The host  cell  innate 
immunity  system recognises  dsRNA and induces  an  immune  response8. 
ROs minimise  exposure  of  the  viral  replication  complexes  to  the  innate 
immunity cytoplasmic sensors.
Membrane rearrangement of ROs
+RNA viruses reorganize and affect  host  cell  endoplasmic reticulum 
(ER) to Golgi transport pathways. They recruit several cellular host factors 
to the ROs by direct protein−protein interaction. It was shown that inhibition 
of the ER to Golgi transport abolished enteroviral replication9. This signaling 
pathway is well described in the kobuviral genera from the  Picornaviridae 
family.
A critical component of picornaviral ROs is viral membrane binding
10
 protein 3A. Kobuviral  3A interacts with a host acyl-CoA-binding domain-
containing protein-3 (ACBD3)10,11.  The ACBD3 is a Golgi-resident  protein 
involved  in  several  signaling  events12.  The  ACBD3  recruits 
phosphatidylinositol 4-kinase type III β (PI4KB) to the membrane10,11 (picture 
2).  Then  PI4KB  specifically  recognises  phosphatidylinositol  (PI)  and 
phosphorylates  it  at  position  4  of  the  inositol  ring  to  produce  a 
phosphatidylinositol 4-phosphate (PI4P)-rich microenvironment (picture 3).
Picture 2: 3A−ACBD3−PI4KB protein complex: Viral  membrane binding  
protein 3A binds host factor ACBD3 to hijak PI4KB to the membrane. The  
PI4KB creates hyperphosphorylated membrane surface.
Picture  3: PI4KB phosphorylates  PI  at  position  4  of  the  inositol  ring  to  
create PI4P.
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PI4P microenvironment regulates RNA replication
Enteroviruses and Flaviviruses recruit PI4KB host cell enzyme on ROs 
and replicate their RNA on the PI4P enriched membranes. It was shown 
that selective inhibition of PI4KB suppress the viral multiplication13,14. There 
is a hypothesis that enteroviral soluble RdRp (3Dpol) specifically binds the 
PI4P lipid which promotes the recruitment and stabilization of RdRp on the 
membrane  from  the  cytosolic  pool15.  It  was  shown  that  polymerase 
membrane assembly significantly increases its processivity16.
PI4P membrane function
The  PI4P  lipid  is  not  only  a  precursor  for  phosphatidylinositol  4,5-
bisphosphate, it has various other functions, as well. So far several PI4P 
effectors that use PI4P as a Golgi membrane signal were characterized17. 
The PI4P also regulates autophagy18 and ER exit site biogenesis19.
The PI4P lipid is important in membrane geometry. It was shown that 
PI4P in physiologically relevant concentration induces curvature in model 
membranes 20,21.
The  PI4P  lipid  can  be  exchanged  for  cholesterol22 or  PS 
(phosphatidylserine)23 against their concentration gradient by lipid transport 
proteins. The energy from PI4P hydrolysis is used for this transport24. The 
production  of  PI4P  was  described  to  increase  the  cholesterol  levels  in 
EMCV-infected cells25.
Picornaviruses
The  Picornaviridae family  belongs  to  a  group  of  +RNA  viruses. 
Picornaviruses include many important human pathogens such as poliovirus 
(PV), coxsackie virus B3 (CV), human rhinovirus (HRV) and others.
The appellation pico-RNA-viruses suggests their extremely small RNA 
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genome  that  has  less  than  10  kb.  The  genome  is  an  infectious  agens 
because itself is sufficient to infect the host cell.
The genomic 5’ untranslated region contains IRES and a covalently 
attached viral protein 3B. The 3B protein serves as a primer for the RNA 
polymerase. The 3’ end of the genome is polyadenylated26. The genome is 
translated into a single polyprotein which contains all picornaviral proteins 
(picture 4). The leader protein (L) protein followed by structural viral proteins 
zero to three (VP0 - VP3) and non-structural proteins (2A, 2B, 2C, 3A, 3B, 
3C and 3Dpol) are located at the N terminus of the polyprotein.
Picture  4: Organisation  of  the  picornaviral  genome.  The  UTR  with  a  
covalently linked 3B protein is at the 5’ end, followed by an open reading  
frame coding for  the L protein,  structural  protein  (P1) and non-structural  
proteins (P2-3). The 3’ UTR is polyadenylated27.
Picornaviral proteome
The picornaviral polyprotein is autocatalytically cleaved into individual 
proteins or their stable precursors. First, the polyprotein pre-maturates into 3 
proteins: P1, P2 and P3. The maturation continues until only single proteins 
remain. Each of these proteins has its specific function.
Structural proteins are pre-maturated as VP0, VP1 and VP3. Protein 
VP0  is  consequently  maturated  into  proteins  VP2  and  VP428.  Proteins 
VP1−VP4  assemble  into  the  viral  icosahedral  capsid.  The  VP1  protein 
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forms a vertex with the capsid and is responsible for the host cell receptor 
attachment29.
Protein  P2  matures  into  2A,  2B  and  2C  proteins.  Protein  2A  is  a 
cysteine protease that cleaves between the P1 and P2 regions30. Protein 2B 
creates pores in the host cell ER31. Protein 2C is an NTPase and plays a 
role in viral RNA encapsidation32.
Maturation of protein P3 leads to proteins 3A, 3B, 3C, 3D and their 
precursors with enzymatic activity. Protein 3AB is localised on replication 
organelles and is involved in RNA synthesis initiation33.  Protein 3AB is a 
precursor  for  3A and 3B. 3A is viral  replication complex component  and 
affects ER−Golgi transport34. Protein 3B is also known as VPG (viral protein 
genome-linked).  The 3B protein serves as a primer protein for viral  RNA 
replication. The absolutely conserved Tyr3 residue covalently binds to the 5’ 
viral genome via its hydroxyl group34,35. The protein 3CD is a precursor of 3C 
and  3Dpol.  Protein  3CD  and  3C  have  proteolytic  activity,  but  recognize 
different cleavage sites36,37. The 3Dpol protein is the picornaviral RdRp. 3Dpol 
has  two known activities:  RNA replication  and  covalent  attachment  of  a 
UMP molecule to the hydroxyl group of the 3B Tyr338.
The N terminus of some picornaviral polyprotein contains the L protein 
with  proteolytic  activity39.  For  better  clarity,  a  list  of  non-structural 
picornaviral proteins including their function is shown in Table 1.
14
Table 1: Overview of Picornaviral non-structural proteins function
Protein Function
L Protease
2A Protease
2B Viroporin
2C NTPase
3AB RNA synthesis initiation
3A Affects ER-Golgi transport
3B Primer
3CD Protease
3C Protease
3Dpol RdRp
Picornaviral polymerase 3Dpol
Picornaviral  polymerase is a single domain RdRp. The RdRp has a 
right-hand fold which is typical for polymerase. The RdRp consists of three 
subdomains  called:  Fingers,  Thumb and Palm.  The  Fingers  and Thumb 
subdomains  create  a  template  entry  channel.  The NTP entry  channel  is 
located on the boundaries of the Fingers, Thumb and Palm subdomains. 
The product of replication leaves RdRp through the dsRNA channel that is 
composed of Thumb and Palm domains40. The 3Dpol polymerase replicates 
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by an unusual primer-dependent mechanism, employing the 3B protein as 
its primer41.
Proteolytic activation of Picornaviral RdRp (3Dpol)
Picornaviral polymerase 3Dpol is located at the extreme C terminal end 
of  the  polyprotein.  3Dpol is  pre-maturated  as  3CD.  The 3CD protein  has 
proteolytic  activity and no polymerase activity37.  The 3CD is cleaved into 
proteins 3C and 3Dpol. The 3C protein is a protease (no polymerase activity) 
while the 3Dpol protein is an RdRp (no protease activity). It follows that the 
3Dpol is activated by cleavage of the 3CD precursor.  It was shown in the 
crystal  structure  of  the  3CD  form  poliovirus42 that  the  3Dpol N  terminus 
undergoes a conformational change after 3C cleavage. The N terminus of 
the 3Dpol in 3CD is a part of a 3C−3D linker, but after 3C cleavage the N 
terminus is buried in a surface pocket 43. This mechanism was shown in all 
the  available  3Dpol structures  (from  these  viruses:  PV44,  CV45, 
encephalomyocarditis  virus46,  foot  and mouth  disease virus47,  HRV48 and 
enterovirus 7149).
The first  residue of  all  the structures  mentioned above is  a  glycine 
which interacts with residues in close proximity to the polymerase active 
site. The binding pocket is designed for the very first glycine residue. The 
interaction requires the small size and backbone torsional flexibility of this 
specific amino acid (glycine 1 is in fact in the Ramachandran disallowed 
region)43. 
Flaviviruses
Flaviviruses  are  enveloped  +RNA  viruses.  This  viral  family  also 
contains many important human pathogens including Dengue virus (DENV), 
hepatitis  C  virus  (HCV),  Japanese  encephalitis  virus  (JEV),  tick-borne 
encephalitis virus (TBE), West Nile virus (WNV), yellow fever virus (YFV),
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Zika virus (ZIKV).
The RNA genome of the flaviviruses contains the 5′ cap. The +RNA 
genome can be translated into a single polyprotein which is consequently 
proteolytically maturated similarly as was described for picornaviruses.
Picture 5: Gene localisation in the Flaviviral genome50.
The genome codes: C protein, a capsid protein; prM, a chaperone for the  
envelope  protein  E;  E  protein  which  mediates  fusion  between  viral  and  
cellular membranes; NS1 which is involved in virulence and replication51;  
NS2A which is involved in virion assembly52; NS2B, a cofactor of NS3; NS3,  
a protease; an NTPase and an RNA helicase; NS4A which regulates the  
ATPase activity of NS3; NS4B which induces the formation of ER-derived  
membrane53; NS5, a methyltransferase and an RdRp54.
Flaviviral polymerase NS5
The flaviviral NS5 protein is composed of two domains: an N terminal 
methyltransferase (MTase) and an RdRp at the C terminus55. The MTase 
domain has two enzymatic  activities:  methylation of  the guanine N7 and 
methylation  of  the  ribose-2′-O position  to  create  a  viral  RNA cap56.  The 
capping  increases  RNA  stability,  prevents  5′–3′  exoribonuclease 
degradation  and  helps  to  avoid  the  activation  of  innate  immunity57.  The 
RdRp domain is responsible for replication of viral RNA and its general fold 
is very similar to picornaviral 3Dpol. The main difference between 3Dpol and 
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RdRp NS5 is the presence of a priming loop. The priming loop is located 
above the interface of the three channels (Template entry, NTP entry and 
dsRNA channel)  and allows the formation of a dinucleotide primer58.  The 
priming loop is crucial for de novo initiation 40,59.
There is no host cell enzyme which could substitute the RdRp function. 
The NS5 protein is a major target for drug discovery because both domains 
of NS5 (MTase and RdRp) are absolutely necessary for viral multiplication: 
So far only available structures of full length Flaviviral NS5 enzyme were 
from three viruses: ZIKV60, JEV61 and DENV62.
YFV - epidemiology
YFV is endemic in subtropical  areas of  Africa and South America63. 
This virus is spread by mosquitoes to infect  primates. The massive YFV 
epidemic  spread  from  South  America  and  Europe  in  the  18th to  20th 
centuries. In the early 20th effective vaccines against YFV were developed. 
Although  the  vaccination  led  to  a  decline  in  the  disease,  there  are  still 
outbreaks periodically63,64.
Yellow fever disease manifests itself as fever, epigastric pain, hepatitis, 
jaundice and haemorrhage and is fatal in 60 % of the cases65. A treatment 
specific for yellow fever infection is not available.
The development of a specific treatment is certainly advantageous to 
fully understand the infection mechanism and to structurally  describe the 
possible targets for antiviral therapy. So far only a handful of structures  of 
YFV proteins  are  available:  helicase66,  MTase67,  non-structural  protein  1 
(involved in virulence and replication)51 and capsid68.
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ZIKV - epidemiology
ZIKV belongs to the mosquito-borne branch of the Flaviviridae family. 
ZIKV  infection  typically  manifests  itself  as  very  mild  causing  rash  and 
headache in most people. But, the infection can have teratogenic effects in 
pregnant  women.  The infection  can be transmitted  to  the fetus  and can 
cause microcephaly (head malformation)69. In severe cases in adults, Zika 
infections can also result in Guillain–Barré syndrome70.
In 2015 there was a widespread epidemic of the Zika disease when it 
spread  from  Brazil  to  other  parts  of  South  America.  Several  countries 
advised their citizens to postpone pregnancy until the viral impact on fetal 
development was known 71.
One of possible ZIKV target is the NS5 protein, but, unfortunately, only 
the structure of ZiKV NS5 in the apo form is available72–74.
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Aims of the study
This study is focused on the polymerases from two +RNA viral families: 
Picornaviridae and  Flaviviridae.  The  first  aim  was  to  study  the 
protein−membrane  complex,  3A−ACBD3−PI4KB.  The  viral  3A  protein 
hijacks the Golgi ACBD3 protein in order to recruit PI4KB to the membranes 
of ROs. This results in PI4KB catalysing the phosphorylation of PI to PI4P. 
Consequently,  the  effect  of  PI4P-rich  membranes  on  3Dpol membrane 
localisation was explored. The specific aims were:
1. To  reconstitute  the  protein  complex  3A-ACBD3-PI4KB  on  the 
membrane  in  vitro  using  artificial  membranes  and  recombinant 
proteins.
2. To investigate how the 3Dpol enzyme interacts with the membrane. 
The  picornaviral  polymerases  3Dpol have  an  unusual  activation 
mechanism,  where  the  first  residue  plays  a  key  role  in  N  terminus 
stabilisation. However, we noted that some picornaviral 3Dpol enzymes do 
not have the conserved first glycine residue. Therefore, we decided:
 
3. To structurally characterise 3Dpol enzymes with a unique N terminus, 
using protein crystallography.
4. To characterize the effect of the very first 3Dpol residue on polymerase 
activity. 
The second part of this study is related to NS5 polymerases from the 
Flaviviridae family,  specifically  on  the  YFV and  ZIKV  genera.  Structural 
characterisation  of  possible  antiviral  targets  is  a  constitutive  step  in  the 
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development  of  specific  disease treatments.  Therefore,  our  specific  aims 
were:
5. To solve the structure of the full-length YFV NS5 protein containing 
the MTase and RdRp domains.
6. To create a biologically relevant model of Zika NS5 in complex with 
RNA. 
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Results overview
Negative charge and membrane-tethered viral 3B cooperate 
to recruit viral RNA-dependent RNA polymerase 3Dpol.
Preview
PI4KB is a host factor essential for many +RNA viruses. It was shown 
that a selective inhibition of PI4KB has antiviral activity13,14 but the exact role 
of  PI4P  in  viral  ROs  is  still  poorly  understood.  One  of  the  hypotheses 
suggested that 3Dpol polymerase is recruited to these hyperphosphorylated 
membranes  by  a  specific  interaction  with  PI4P15.  In  our  publication 
“Negative charge and membrane-tethered viral 3B cooperate to recruit viral 
RNA-dependent  RNA  polymerase  3Dpol.”  We  showed  using  an  in  vitro 
reconstitution  approach  that  not  PI4P  specifically  but  rather  a  negative 
charge in general recruits 3Dpol to the membrane. 
Summary
We reconstituted  PI4KB membrane  recruitment  step-by-step  in  vitro 
that occurs in enterovirus- and kobuvirus-infected cells75. Giant unilamellar 
vesicles were used as artificial biomimetic membranes for the reconstitution 
of the 3A-ACBD3-PI4KB complex on their surface. We used  recombinant 
proteins  with  fluorescent  label  for  visualisation  of  proteins  decorated 
membranes.
The 3A-ACBD3-PI4KB complex  formation  was  well  described  by  in 
vivo experiments75.  Our  in vitro experiments are in agreement with these 
conclusions. We demonstrated that the viral protein 3A recruits PI4KB to the 
membrane via ACBD3.
The  PI4KB  catalyses  phosphorylation  of  PI  to  create  PI4P.  We 
observed that PI4P enrichment in the membrane does not lead to 3Dpol 
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membrane  recruitment.  But,  we  observed  3Dpol membrane  binding  after 
addition  of  membrane-tethered  3B protein  (mimicking  3AB intermediate). 
After a series of control experiments we observed that the 3Dpol polymerase 
is recruited to negatively charged membranes but not to neutral membranes 
in  the  presence  of  membrane-tethered  3B.  A  hypothetical  model  of 
replication complex is demonstrated in picture 6.
Picture  6: Schematic  model  of  the  3Dpol-3AB-ACBD3-PI4KB  protein  
complex76.
My contribution
I  prepared expression  constructs  for  3Dpol proteins  (3Dpol from Aichi 
virus, PV, CV and Enterovirus 71). I recombinantly expressed and purified 
3Dpol proteins. I performed liposome pull-down assays for 3Dpol membrane 
binds  testing.  I  also  expressed  and  purified  the  SidC  protein  (a  PI4P 
biosensor). I verified a SidC−PI4P interaction using biochemical assays. I 
prepared  the  figures  for  publication  and  assisted  in  preparing  the 
manuscript.
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Structures of kobuviral  and siciniviral  polymerases reveal  a 
conserved mechanism of picornaviral polymerase activation.
Preview
Picornaviral  polymerases  3Dpol are  activated  by  burial  of  their  N 
terminus to a cavity near the protein active site. The stabilisation of the N 
terminus is mediated by the very first residue. So far all the structures of 
picornaviral polymerase available have a glycine as the first residue. In this 
publication we provided extensive alignment of picornaviral 3Dpol enzymes 
and we show that seven genera have a serine as the first residue. In the 
publication  “Structures  of  kobuviral  and  siciniviral  polymerases  reveal 
conserved mechanism of picornaviral  polymerase activation.”  we showed 
3Dpol structures containing an uncanonical N terminus and the importance of 
the first residue in 3Dpol for viral replication.  
Summary
Sequential  alignment of picornaviral  3Dpol enzymes uncovered seven 
genera  with  uncanonical  residues  as  the  first  residue  at  the  N-terminus 
(galliviruses,  osciviruses,  passeriviruse,  sakobuviruses,  saliviruses, 
kobuviruses and siciniviruses).
We  solved  crystal  structures  of  kobuviral  and  siciniviral  3Dpol 
polymerases. Both have their N terminus buried in a surface pocket similar 
to  glycine-beginning  polymerases.  The  surface  pocket  of  kobuviral  and 
siciniviral 3Dpol is evolutionarily designed for interaction with the first serine 
residue.  The  hydroxyl  group  of  Ser1  from  kobuviral  3Dpol interacts  with 
His60. 
The hydroxyl  group of the first  serine from siciniviral  3Dpol creates a 
hydrogen bond and a water bridge with the Ser239. A detailed view of the 
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kobuviral and siciniviral polymerase in comparison to a PV polymerase is 
shown in the picture 7.
We tested the specificity of the N terminus binding pocket by a variety 
of  mutations  in  the  3Dpol first  residue.  We checked  mutation  of  the  first 
serine to glycine residue which is conserved in the majority of 3Dpols. This 
mutation, as well as every other mutation tested, disrupted viral replication.
Picture 7:  Atypical fold of kobuviral (Aichi virus - AiV) and siciniviral (SiV)  
3Dpol N terminus within 3Dpol enzymes27.
A−C The first residue of AiV 3Dpol is locked into a positively charged cavity  
in proximity to the protein active site.  D−F Corresponding view of the SiV 
3Dpol structure. G−I The majority of picornaviruses has the very first glycine  
residue inserted in a charged cavity as illustrated by the PV 3Dpol structure77.
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My contribution
I performed bioinformatic analysis of all picornaviral 3Dpol sequences. I 
prepared expression constructs for kobuviral as well as for siciniviral 3Dpol 
and  performed  mutagenesis  experiments.  I  expressed  and  purified  all 
recombinant proteins. I performed all crystallization experiments. I collected 
and analysed all crystallographic data, I prepared figures for the manuscript 
and assisted in preparing the manuscript.
Structure of the yellow fever NS5 protein reveals conserved 
drug targets shared among flaviviruses.
Preview
YFV NS5 is composed of two domains: MTase and RdRp. Both are 
important targets in drug design. So far the only available structure was the 
structure of YFV MTase67. The publication “Structure of the yellow fever NS5 
protein reveals conserved drug targets shared among flaviviruses.” provides 
the  first  structure  of  a  full-length  YFV  NS5  protein  containing  both  the 
MTase and RdRp domains.
Summary
We solved  the  crystal  structure  of  the  full-length  yellow  fever  NS5 
enzyme at  3.1  Å resolution.  We discovered  regions  that  are  structurally 
conserved in the Flaviviridea family. These regions are pivotal for structure-
based drug design.
The priming  loop  is  essential  in  the  initiation  of  RNA replication.  A 
residue responsible for a stacking interaction with the initiating nucleotide is 
localised  in  the  priming  loop.  The  YFV  NS5  has  this  residue  (Trp799) 
conserved with ZIKV NS578, but different to HCV79. YFV NS5 is stabilised by 
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two  zinc  fingers.  The  first  zinc  ion  site  is  coordinated  by  two  cysteine 
(Cys448 and Cys451), histidine 443 and glutamate 439 residues. Except for 
glutamate 439 the zinc ion binding sites are absolutely conserved among 
NS5 proteins from YFV, ZIKV, DENV, and WNV.
The second zinc ion site is coordinated by two cysteine (Cys732 and 
Cys851) and two histidine (His716 and His718) residues. This zinc ion site 
is also highly conserved except for histidine 716 which is variable in ZIKV 
and WNV, but conserved in DENV.
The interdomain contact between MTase and RdRp is mediated by a 
highly conserved proline 113 (from the MTase domain) and phenylalanine 
466 (from the RdRp domain) which is packed in a pocket on the MTase 
surface. The Phe466 residue is located in structural motif F. Both domains 
are stabilised by this interaction and we showed that the full-length YFV 
NS5 is more thermostable than the RdRp or MTase domain only.
A comparison  of  mutual  domain  orientations  revealed  that  the  YFV 
NS5 has the same orientation as ZIKV and JEV, but different than DENV 
NS5.
A detailed view of the MTase RdRp interface comparisons is displayed 
in picture 8.
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Picture 8: The MTase−RdRp interface. 80.
A Structures of full length flaviviral NS5 proteins were superimposed on the  
structure of YF NS5 based on the RdRp domain.  This revealed that the  
domain  orientation  is  conserved  in  yellow  fever,  Zika  and  Japanese  
encephalitis  virus RdRp but not in Dengue RdRp.  B Conserved residues 
Phe466 and Pro113  define  the  MTase−RdRp interface.  C Detail  of  the 
RdRp  MTase  interface.  MTase  is  shown  in  gray.  RdRp  is  colored  
depending on the viral origin (YFV–yellow, ZIKV–forest green, JEV–cyan).
My contribution
I  performed  all  experiments,  analysed  all  data  and  assisted  in 
preparing the manuscript preparation.
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The  structural  model  of  Zika  virus  RNA-dependent  RNA 
polymerase in complex with RNA for rational design of novel 
nucleotide inhibitors.
Preview
As mentioned, the flaviviral NS5 protein is an extensively studied target 
for drug design, especially in the case of ZIKV. So far all available structures 
of ZIKV NS573 are in the apo form . Our efforts to obtain a crystal structure 
of  the  ZIKV NS5 in  complex  with  RNA were  unsuccessful  therefore  we 
decided  to  prepare  a  sophisticated  model  that  could  be  experimentally 
validated.   In  the  publication  “The  structural  model  of  Zika  virus  RNA-
dependent  RNA polymerase in  complex  with  RNA for  rational  design  of 
novel nucleotide inhibitors.” we introduced a model of ZIKV polymerase in 
complex with RNA that proved to be very useful for docking studies of ZIKV 
RdRp inhibitors.
Summary
In this study we prepared a model of ZIKV NS5 in complex with a small 
fragment of RNA. The model was built on foundations of a crystal structure 
of the full length NS5 ZIKV73 and the related HCV RdRp in a complex with 
ADP,  Mn2+,  and  a  primer−template  hairpin58.  Our  model  proved  to  be 
essential  for  docking  experiments  necessary  for  rational  inhibitor  design. 
The calculated model contains ZIKV NS5, template RNA (represented by a 
dinucleotide)  accessing ATP two magnesium ions and a terminus of  the 
nascent RNA. 
The validity of this model was verified by polymerase activity assays on 
single  point-mutated  ZIKV  NS5.  The  mutations  in  Mg2+-coordinating 
aspartates fully disrupt polymerase activity as predicted. Mutations in close 
29
proximity  to  the  polymerase  active  site  had  significantly  lower  activity 
compared to the wild type, see picture 9.
Consequently, we used the model for molecular docking experiments. 
First,  we redocked the ATP molecule and compared the results  with the 
original model. The position of the re-docked ATP nicely correlates with its 
original position. Consequently, we docked the NITD008 molecule which is 
a  known  ZIKV  RdRp  inhibitor81.  This  docking  experiment  revealed  that 
NIT008 binds to the active site of the ZIKV RdRp with minimum distortion in 
comparison  to  the  ATP  molecule.  Importantly,  the  same  docking 
experiments performed on the ZIKV NS5 enzyme in the apo form always fail 
to reveal the binding mode of any nucleoside triphosphate. 
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Picture 9: Enzymatic analysis of ZIKV NS5 model with RNA78.
A ZIKV RdRp RNA complex model with a zoomed-in RNA binding site. The  
RNA template is a dinucleotide composed of an A  – U. Nascent U2 and 
ATP are present. In the enlarged picture the amino acids related to activity  
assay are highlighted. B Activity of ZIKV RdRp: Mutations in the red region  
disrupted polymerase activity, in the orange regions there was significantly  
decreased  activity  and  in  the  gray  regions  slightly  accentuated  activity.  
Values in the box are Student t-test p-values.
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My contribution
I performed all biological and biochemical experiments, prepared the 
figures, and participated in the preparing the manuscript. 
Discussion
Negative charge and membrane-tethered viral 3B cooperate 
to recruit viral RNA-dependent RNA polymerase 3Dpol.
How the PI4KB kinase is hijacked was suggested based on  in  vivo 
experiments75. The in vitro approach we used confirmed this hypothesis and 
provided deeper  molecular  insight.  We reconstituted the formation of  the 
3A-ACBD3-PI4KB  complex  on  artificial  membranes,  where  PI4KB 
phosphorylates PI to produce PI4P.
The role of PI4P on RO membranes is only poorly understood. One of 
the  hypotheses  suggested  that  the  viral  polymerase  3Dpol specifically 
interacts  with  PI4P  and  thus  PI4P  anchors  the  3Dpol enzyme  on  the 
membrane15.  Our  results  show  that  for  3Dpol membrane  recruitment  a 
membrane-tethered 3B protein is required together with negatively-charged 
lipids (e.g. PI4P or PS).
The PI4P role in ROs is probably more complex. For example, PI4P 
can arrange recruitment of host cell effectors to the replication complex or it 
can be exchanged for cholesterol by lipid transport proteins.
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Structures of kobuviral  and siciniviral  polymerases reveal  a 
conserved mechanism of picornaviral polymerase activation.
The majority of picornaviral polymerases 3Dpol have a glycine as their 
first residue, however, we found seven genera with an unusual N terminus 
starting with a serine residue. The 3Dpol gains its polymerization activity after 
cleavage of the 3CD precursor into 3C and 3Dpol proteins37,82. Afterwards, 
the first residue is buried in a surface pocket and activates the polymerase. 
We show that the N terminus is the least conserved region compared to 
other picornaviruses. In this study, we also show structural  differences in 
picornaviral  polymerases  with  the  atypical  N-terminus.  We  selected  the 
kobuviral  and siciniviral  3Dpol enzymes for our crystallization experiments. 
The  structures  revealed  N-terminus  stabilization  by  interaction  of  first 
residue with protein core.
In  principle,  the  stabilization  mechanism  is  the  same  as  in  other 
picornaviral generas44,45,46,47,48,49.   The N-terminus binding pocket specifically 
recognises the first  amino acid which leads to activation of  the enzyme. 
However, the atomic details differ. The presence of an extra hydroxyl group 
in the first residue provides different N-terminal stabilization. The kobuviral 
Ser1 hydroxyl group creates a hydrogen bond with His60. The hydroxyl of 
the first serine from siciniviral 3Dpol creates a hydrogen bond and a water 
bridge with Ser239. 
Congruently,  our  phylogenetic  analysis  based  on  the  structures  of 
available polymerases revealed that  kobuviruses and siciniviruses are an 
evolutionarily distinct group within the Picornaviridae family.
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Structure of the yellow fever NS5 protein reveals conserved 
drug targets shared among flaviviruses.
YFV is a grave infection spread by mosquitoes. Although an effective 
vaccination  is  available,  there  are  still  many  outbreaks  and  an  antiviral 
therapy is clearly needed. NS5 is an extensively studied protein. It consists 
of two domains, an MTase and RdRp domain. Both domains are bona fide 
targets for development of antiviral therapies.
In this study we presented a crystal  structure of  the full-length YFV 
NS5 enzyme for the very first time. Consequently, we compared YFV NS5 
with ZIKV60, JEV61 and DENV NS562 structures which were already solved. 
YFV NS5 has conserved interface between MTase and RdRp with ZIKV and 
JEV but not with DENV NS5.
The F motif that is essential for the RdRp enzymatic activity is localized 
to the MTase RdRp interface and stabilized by this interface. Moreover, the 
interface stabilizes the MTase active site. Our structural analysis suggested 
that not only the RdRp activity is stimulated by the MTase domain  72, but 
also the MTase domain is stabilized by the RdRp domain.
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A  structural  model  of  Zika  virus  RNA-dependent  RNA 
polymerase in complex with RNA for rational design of novel 
nucleotide inhibitors.
The ZIKV epidemic in 2015 increased public awareness of health risks 
connected  with  ZIKV  infection.  For  pregnant  women  ZIKV  infection 
significantly increases the risk of fetal malformation.
ZIKV has been extensively studied since 2015. The ZIKV polymerase 
NS5 is a prime drug design target  therefore,  the structural  information is 
crucial  to effective drug design58,73.  The structure was solved recently  by 
several groups both from academia and industry60,73.Unfortunately,  all  the 
structures solved are in the apo form and, therefore, not useful for docking 
experiments with NTP analogues because base pairing is paramount to an 
effective strategy. No crystal structure of flaviviral  polymerase in complex 
with RNA is available. Fortunately, the structure of a sufficiently related HCV 
virus NS5 protein in complex with RNA58 could be used together with the 
ZIKV NS5 apo structure73 to devise a model of ZIKV polymerase in complex 
with RNA.
In  this  study,  we  used  these  two  structures  to  calculate  quantum 
mechanics / molecular mechanics (QM/MM) model of the ZIKV polymerase 
in complex with RNA. Our model shows template RNA, accessing ATP and 
the  terminus  of  nascent  RNA.  We evaluated  our  model  by  biochemical 
assays and proved its usefulness in docking experiments.
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Conclusions
This  study  contributed  to  our  understanding  of  picornaviral  RNA 
replication. 
We confirmed  establishment  of  a  PI4K hijacking  protein  membrane 
complex using in vitro experiments, pure recombinant proteins and artificial 
membranes.
We showed that not PI4P, specifically, but, rather, a negative charge, 
in general, recruits 3Dpol to the membrane. 
The  structural  study  of  picornaviral  polymerases  reveals  a  new 
perspective  on  3Dpol activation.  We  solved  structures  of  kobuviral  and 
siciniviral  polymerase  3Dpol with  a  unique  N  terminus  and  structurally 
described polymerase activation. We demonstrated the influence of the very 
first residue on polymerase activity. 
Our results also contributed to potential  polymerase-targeted rational 
drug design by providing YFV and ZIKV polymerase structures.
We solved the first structure of YFV NS5 polymerase. We compared 
the structure of YFV to other known NS5 structures to revealed structural 
similarities  and  differences.  The  YFV  NS5  has  the  stacking  residue  of 
priming loop (Trp799) conserved with ZIKV NS5, but different to HCV.
The YFV NS5 is stabilised by two zinc fingers. The first zinc ion binding 
site is absolutely conserved among NS5 proteins except for the glutamate 
439  residue.  The  second  zinc  ion  binding  site  is  also  highly  conserved 
except  for  histidine 716 residue which is  various in ZIKV and WNV, but 
conserved in DENV.
A comparison  of  mutual  domains  orientation  revealed  that  the  YFV 
NS5 has the same orientation as ZIKV and JEV, but different than DENV 
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NS5.
We calculated a biologically-relevant model of ZIKV NS5 in complex 
with  RNA-containing  ZIKV  NS5,  template  RNA  (represented  by  a 
dinucleotide)  accessing ATP two magnesium ions and a terminus of  the 
nascent RNA. We evaluated the model using biological assays and were 
verified by ligand docking experiments. 
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List of results:
1. We reconstituted  in vitro formation of the 3A-ACBD3-PI4KB protein 
complex on the surface of biomimetic membranes.
2. We observed that a picornaviral polymerase 3Dpol is recruited to the 
membrane  surface  in  the  presence  of  PI4P  or  other  negatively-
charged lipids and membrane-tethered 3B.
3. The sequence alignment of picornaviral 3Dpol polymerases revealed 
seven  genera  with  a  non-conserved  first  residue.  We  choose 
kobuviral and siciniviral 3Dpol enzymes for further structural analysis.
4. We  solved  the  crystal  structures  of  kobuviral  and  siciniviral  3Dpol 
polymerases. The structures revealed N-terminal stabilisation by the 
first  residue.  We also showed that  the structures of  kobuvirus  and 
sicinivirus  polymerases  are  evolutionarily  distinct  to  other  known 
picornaviral polymerases.
5. Using biological  assays, we demonstrated the vitality of the correct 
first residue. We show that (from a tested set of mutations) only the 
original N-terminus activates the polymerase.
6. We  solved  the  first  crystal  structure  of  YFV  NS5.  The  structure 
revealed  similarities  and differences  of  YFV NS5 to  others  known 
flaviviral NS5 structures.
7. We calculated a biologically  relevant  model  of  ZIKV polymerase in 
complex with RNA for ligand docking studies.
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Abbreviation
+RNA Plus Single-stranded RNA
ACBD3
acyl-CoA-binding  domain-containing 
protein-3
AiV Aichi virus
CV Coxsackie virus
DENV Dengue virus
dsRNA Double-stranded RNA
ER Endoplasmic reticulum
HCV Hepatitis C virus
HRV Human rhinovirus
IRES Internal ribosomal entry site
JEV Japanese encephalitis virus
L Leader protein
mRNA Messenger RNA
MTase Methyltransferase
NTP Nucleotide triphosphate
PI Phosphatidylinositol
PI4KB Phosphatidylinositol 4-kinase III β
PI4P Phosphatidylinositol 4-phosphate
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PS Phosphatidylserine
PV Poliovirus
QM/MM
Quantum  mechanics  /  Molecular 
mechanics
RdRp RNA dependent RNA-polymerase
RO Replication organelle
SiV Sicini virus
TBE Tick-borne encephalitis virus
UMP Uracil monophosphate
VP viral protein
VPG viral protein genome-linked
WNV West Nile virus
YFV Yellow fever virus
ZIKV Zika virus
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